The high surface area porous nickel, obtained by template electrodeposition using a hexagonal liquid crystalline phase medium as a template was evaluated as a potential material for electrochemical capacitors using cyclic voltammetry ͑CV͒ and electrochemical impedance spectroscopy ͑EIS͒ studies in 6 M KOH. A single electrode double layer capacitance of 1.4 F/cm 2 ͑at 2 mV/s scan rate͒ was obtained using CV, which corresponds to a specific capacitance of 473 F/g. EIS studies show the typical behavior of a porous electrode and the data were analyzed in terms of complex capacitance and complex power from which the relaxation time constant ͑ o ͒ has been determined. Nickel oxide electrode, obtained by the electrochemical oxidation of porous Ni, shows a double layer capacitance value of 171 mF/cm 2 , which corresponds to a specific capacitance of 57 F/g. The relaxation time constants for the template deposited porous nickel and nickel oxide were determined to be 1.35 s and 33 ms, respectively. Recently, we have reported the preparation of high surface area porous nickel using liquid crystal template electrodeposition method.
Recently, we have reported the preparation of high surface area porous nickel using liquid crystal template electrodeposition method. 1 It was shown by scanning tunneling microscopy ͑STM͒ and scanning electron microscopy ͑SEM͒ studies that the template deposited Ni surface exhibits porous structure with nickel nanoparticles being distributed in between as well as within the pores. We also evaluated the utility of this porous nickel as a high surface area hydrogen evolution catalyst and indicated the potential application of this material in electrochemical capacitors ͑ECs͒. These capacitors are often known by various names such as supercapacitors, ultracapacitors, power capacitors, gold capacitors, power cache, electrochemical double layer capacitors ͑EDLCs͒, etc. and generally fall under the category of energy storage devices. 2 Recently, much research work has focused on ECs due to their application in high power devices such as lasers, electric vehicles ͑for acceleration͒ and also in variety of other energy storage applications. [3] [4] [5] There are two modes of energy storage mechanism operative in ECs, those based on the double layer capacitance arising from the separation of charges at the electrode/electrolyte interface and those based on the pseudocapacitance arising from faradaic reactions occurring at or near the solid electrode surface due to the presence of electroactive materials. The utility of EDLCs is limited by the maximum capacitance range ͑10 -40 F/cm 2 ͒, 6 electrochemical stability of the electrolyte, and the utilization of electrode surface area due to the presence of non-wettable micropores. 7 The well-known electrochemical double layer capacitors are normally based on the high surface area carbon materials such as activated carbon, carbon fiber cloth and carbon aero gels/foams having high specific capacitance values. 8 However, there are some limitations on the performance of these capacitors due to the nonwettablity of the pores by the electrolyte and also from the inherently associated high internal resistance. 9 On the other hand, transition metal oxides like ruthenium oxide ͑RuO 2 ͒ and iridium oxide ͑IrO 2 ͒ exhibit faradaic pseudocapacitance behavior with single electrode capacitance values between 720 and 760 F/g. 10, 11 Despite the impressive capacitance values and high reversibility obtained due to the faradaic redox reactions within these electroactive materials, the high cost of ruthenium and iridium has restricted its applications. In general, the ability to deliver the high power density of supercapacitors is decided by the reversibility of the electrode/electrolyte interface. 12, 13 There are several reports on alternative electrode materials such as nickel oxide, [14] [15] [16] [17] cobalt oxide, 18 and manganese oxide, 19 which are inexpensive and exhibit pseudocapacitive behavior that are being used as supercapacitors. Among them, NiO is attractive in view of its well-defined electrochemical redox activity and the possibility of enhanced performance through different preparative methods. The results of NiO were based on the preparation of nickel hydroxide either from sol-gel technique 14 or from electrodeposition process 15, 16 followed by heating in air to form nickel oxide. The specific capacitance values varying from 240 to 260 F/g were reported. In addition to the higher specific capacitance values when compared to the carbon materials, the ability to produce thin films of NiO makes it an attractive material for high-power devices. Recently, Nelson and Owen reported the fabrication of a supercapacitor/battery hybrid using a mesoporous Ni/Ni͑OH͒ 2 positive electrode and a mesoporous Pd negative electrode. This system was able to deliver 166 mA h/g of Ni electrode in 50 ms at a mean discharge voltage of 1.18 V using 6 M KOH. These values translate into an energy density of 706 kJ/kg and a power density of 14.1 MW/kg. 20 The high surface area porous nickel reported previously 1 showed a roughness factor value as high as 3620, making it a potential candidate for supercapacitor applications. In this paper, we report the performance characteristics of such a high surface area porous nickel and its corresponding NiO electrodes as EC electrode materials. These electrodes will be used in a cell assembly presently under development, and the results will be reported elsewhere in a later paper. The electrochemical characteristics of these electrode materials have been evaluated using cyclic voltammetry ͑CV͒ and electrochemical impedance spectroscopy ͑EIS͒ in an aqueous electrolyte of 6 M KOH. The EIS data were analyzed in terms of complex power and complex capacitance from which the relaxation time constant ͑ 0 ͒ had been determined.
Experimental
High surface area porous nickel was prepared from a new hexagonal liquid crystalline phase consisting of 42 wt % Triton X-100, 5 wt % PAA, and 53 wt % water in which the water phase was replaced by nickel sulfamate bath as reported in our previous work. 1 After deposition, the roughness factor of the porous nickel electrode was determined using CV by scanning the potential from −1.2 to −0.2 V vs. SCE in 0.5 M NaOH solution and measuring the charge under the anodic oxidation peak. 1 Electrochemical characterization of porous nickel and its corresponding nickel oxide as electrochemical capacitor electrode materials was carried out in an all glass three-electrode system. A platinum foil of large surface area was used as a counter electrode and a saturated calomel electrode ͑SCE͒ as a reference electrode. CV was performed in the double layer region of potential from −1.1 to −0.9 V vs. SCE in 6 M KOH solution at various potential scan rates.
Before the beginning of the experiments the electrode was maintained at a potential of −1.6 V vs. SCE for 600s in the alkaline solution. This process reduces the surface oxides and cathodically cleans the surface by the evolution of hydrogen gas. This is followed by keeping the electrode at a potential of −1.02 V vs. SCE that oxidizes any metal hydrides on the surface. 21 Finally, the porous nickel electrode was scanned in the double layer region to determine the capacitance.
Electrochemical oxidation of porous nickel to its corresponding nickel oxide has been carried out by potential scanning at the nickel oxide region. 22, 23 First, the potential was cycled between −0.1 and +0.5 V vs. SCE in the alkaline solution for more than 25 cycles at various scan rates, where the NiO formation and its stripping take place. The capacitance was then determined by scanning the oxidized nickel oxide electrode in the potential range from −0.1 to +0.2 V vs. SCE at different scan rates and measuring the integrated charge. The potential scan rates for voltammetric experiments were varied from 2 to 500 mV/s.
EIS was performed in 6 M KOH aqueous solution by applying a sinusoidal signal of 5 mV peak-to-peak amplitude at a frequency range from 100 mHz to 100 kHz. All of the electrochemical measurements were carried out using an EG&G electrochemical impedance analyzer ͑model 6310͒ which can be operated both in dc and ac modes and interfaced to a PC through GPIB card ͑National instruments͒. The equivalent circuit fitting has been carried out using Zsimpwin software ͑EG&G͒ developed on the basis of Boukamp's model. All of the chemical reagents used were AnalaR ͑AR͒ grade. Millipore water having a resistivity of 18 M⍀ cm was used in all the experiments performed at a room temperature of 25°C.
Results and Discussion
CV measurement of specific capacitance in the double layer region.-For the porous nickel electrode.-CV is an important technique for evaluating the capacitive behavior of any material. A perfect rectangular shaped voltammogram with a large current separation and symmetric in both cathodic and anodic directions are the indicators of an ideal capacitor. Figure 1a shows the CVs of porous nickel electrode scanned in the double layer region of −1.1 to −0.9 V vs. SCE at various scan rates in 6 M KOH aqueous solution. It can be seen that the CVs show no visible peak formation but has a large current separation between forward and reverse scans. The CVs possess almost rectangular shape, especially at higher scan rates indicating capacitive behavior. The capacitance values are determined by measuring the integrated charge from the CV. It is felt that there may be a substantial pseudocapacitance contribution to the overall measured capacitance of the porous nickel electrode. Table I shows the double layer capacitance and specific capacitance values for porous nickel at different scan rates. For comparison, the capacitance values of smooth nickel electrode were also given. A single electrode capacitance of 1.4 F/cm 2 obtained at 2 mV/s scan rate corresponds to a specific capacitance value of 473 F/g. The fact that CVs show good rectangular features and are symmetrical at higher scan rates ͑even at 500 mV/s͒ indicates that it has good electrochemical activity and high power density. Figure 2a shows the variation of specific capacitance with scan rate and Fig.  2b shows the variation of the current density measured from CV with scan rate. The specific capacitance increases exponentially with decreasing scan rate. Similar behavior is reported in the literature for various electrode materials. [24] [25] [26] [27] In the case of RuO 2 supercapacitor, 26 this is attributed to increasing ionic resistance inside the pores leading to a decrease in capacitance. A similar effect is believed to operate in the present porous Ni system where the surface reaction due to nickel hydride formation contributes to large pseudocapacitance. The formation of nickel hydride in alkaline media is well established in the literature. [28] [29] [30] The contribution of substantial pseudocapacitance is also suggested by the scan rate dependence of the potential when plotted against I/ ͑ is scan rate͒. The high power characteristics of the porous nickel can be inferred from Fig. 2b , which shows almost linear variation of CV current density with the scan rate. The incomplete formation and subsequent oxidation of metal hydride at higher scan rates can lead to lowering of the measured capacitance with the increasing scan rate as observed in Fig. 2a . It is also evident that the porous nickel electrode exhibits good high power characteristic as seen from Fig. 2b , which shows an almost linear variation of current density with the scan rate. Figure 1b shows the CVs of nickel oxide electrode at various scan rates in 6 M KOH aqueous solution. It is evident that the nickel oxide electrode shows a typical capacitive behavior with no redox peaks formation. Table I shows the capacitance and specific capacitance values for nickel oxide electrode, obtained by electrochemical oxidation of the porous nickel at different scan rates. A very high single electrode capacitance value of 171 mF/cm 2 , which translates into a specific capacitance of 57 F/g has been measured at a scan rate of 50 mV/s. A specific capacitance value of 260 F/g was earlier reported in the literature for nickel oxide electrode. 23 In that case, the capacitive behavior was due to the nickel oxide phase being formed by heating the electrodeposited Ni͑OH͒ 2 to a temperature above 250°C. However, the specific capacitance value decreased to 146 F/g when heated to a temperature above 300°C. 23 These high capacitance values were attributed to the change in surface area and the nonstoichiometric nature of NiO that is formed. In the present study, we employed the direct electrochemical oxidation of porous nickel to nickel oxide through nickel hydroxide formation by simply scanning at a potential range where NiO formation and subsequent stripping take place. The lower values of capacitance obtained by the electrochemical oxidation method in our system can be attributed to incomplete conversion of nickel to nickel oxide within the pores. The potential window in which the capacitance is measured is between −0.1 and +0.2 V vs. SCE. The limitation in potential window arises due to the redox reaction of nickel to nickel hydroxide at more positive potentials. A study involving nonaqueous electrolytes is underway to explore the possibility of extending the potential window.
For nickel oxide (NiO) electrode.-
EIS.-Nyquist plots of template deposited porous nickel electrode in 6 M KOH at two different dc potentials viz. −1.0 and −1.1 V vs. SCE are shown in Fig. 3a . It can be seen that the porous nickel electrode shows a high-frequency depressed semicircle ͑ki-netic arc͒ and a low-frequency straight-line portion, in contrast to the depressed semicircle obtained for smooth nickel in the entire 
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Electrochemical and Solid-State Letters, 8 ͑6͒ A308-A312 ͑2005͒ A310 range of frequencies used for the measurement ͑not shown͒. This behavior implies that the porous nickel electrode shows a blocking behavior at high frequency region and capacitive behavior with the phase angle close to 60°͑not shown͒ at the low-frequency region. The impedance plots were fitted with appropriate equivalent circuits described by Conway for the electrochemical capacitors. 3 The results of the fitting and the best-fit equivalent circuit for the impedance data at −1.0 V is shown in Table II . It can be seen that the model conforms to that described by Conway for the case of under potential deposition with continuous reaction. 3 The pseudocapacitance ͑C ͒ contribution ͑1.09 mF/cm 2 ͒ due to the nickel hydride redox reaction is dominant at this potential while the double layer capacitance contribution is relatively less and cannot be computed due to the depressed nature of semicircle characteristic of porous electrodes. Figure 3b shows the Nyquist plots of nickel oxide electrode in 6 M KOH. A small semicircle at high frequencies ͑shown in the inset of figure͒ suggests that the reaction is charge transfer controlled at this region and a straight line with the phase angle of 80°at low frequency implies that the electrode can function as low leakage electrochemical capacitor in the double layer region. The impedance data for this system are fitted to several equivalent circuit models. 3 The best fit equivalent circuit and the corresponding circuit elements are shown in the Table II. In contrast to the case of porous nickel electrode described earlier, the double layer capacitance component is dominant in the case of NiO electrode. However, a significant contribution from pseudocapacitance ͑C ͒ does arise due to OH − adsorption on the electrode surface at this potential range. 16 Complex capacitance and complex power analysis.-There have been several models proposed to explain the frequency behavior of supercapacitor materials such as transmission line model ͑TLM͒ 31 and models based on size and shape of the pores ͑pore size distribution model͒. 32, 33 In our case, we have followed the simpler method of analysis of complex capacitance, C͑͒ and complex power, S͑͒. 34, 35 The complex power S͑͒ contains the real part active power, P͑͒ and the imaginary part reactive power Q͑͒. Figures 4a and b present the plot of CЉ vs. frequency for the template deposited porous nickel and nickel oxide electrodes respectively. The nickel oxide electrode shows a peak at f o while in the case of template deposited porous nickel electrode, the maximum has not been reached in the entire range of frequency used for the study.
Figures 5a and b show the normalized real part ͉P͉/͉S͉ and the imaginary part ͉Q͉/͉S͉ of the complex power vs. frequency ͑in logarithmic scale͒ for the porous nickel and nickel oxide electrodes respectively. At high frequency, when the supercapacitor behaves like a pure resistance, all the power is dissipated into the system ͑P = 100%͒ while no power is dissipated into a pure capacitance at low frequency. This can be seen from Fig. 5 , where the value of ͉P͉/͉S͉ decreases with decreasing frequency, while the normalized imaginary part of the complex power ͉Q͉/͉S͉ increases with decreasing frequency. The maximum of ͉Q͉/͉S͉ occurs at the low-frequency region where the supercapacitor behaves like a pure capacitance. The time constant o ͑=1/2 f o ͒ determined at resonant frequency corresponds to the phase angle of 45°, which represents the transition for the electrochemical capacitor between a pure resistive ͑for f Ͼ 1/ o ͒ and a pure capacitive ͑for f Ͻ 1/ o ͒ behavior. From Fig.  5 , o values of 1.35 s and 33 ms were calculated for the porous nickel and nickel oxide ͑single electrodes͒, respectively, which implies fast power dissipation in the system. Low o values are preferred in fast charging-discharging process and the values obtained in the present work imply that the material is quite fast in delivering energy with a higher power.
The analysis of the results shown in Fig. 4 and 5 indicate that the template deposited high surface area porous nickel has high energy density and the nickel oxide derived from it has a higher power density with faster response time. It is clear that the porous nickel as well as its corresponding nickel oxide electrodes are the promising sources of supercapacitor electrode materials. Using these results, a supercapacitor cell is being constructed and an evaluation of its performance as supercapacitor will be reported in due course.
Conclusions
We have studied the utility of the high surface area porous nickel obtained from the template electrodeposition and nickel oxide derived from it as electrochemical capacitor electrode materials. From the cyclic voltammetry studies of these electrodes in 6 M KOH, we measured a single electrode specific capacitance of 473 F/g for porous nickel electrode and 57 F/g for the NiO electrode. From the analysis of EIS data, we have determined a relaxation time constant of 1.35 s for the porous nickel and 33 ms for nickel oxide. These values suggest their utility in short time pulse devices that can deliver energy at a faster rate with much higher power. Our studies show that the material has excellent potential as an electrode in electrochemical capacitors. The work on the fabrication of devices based on the cell assembly of the porous nickel electrode is underway and will be reported elsewhere.
